This paper presents an analytical, numerical, and experimental study on the failure behavior of single hat-shaped T-joints made of plain woven carbon fiber polymer (T300/epoxy 618) and subjected to out-of-plane bending. The T-joint is manufactured by vacuum bag molding process at room temperature. An analytical model is developed to analyze the experimental results and to establish the associated failure criteria. Two failure modes: (a) laminate buckling and (b) laminate crushing are considered, and the theoretical relationships for predicting the failure load associated with each of the two modes were developed. The experimental data correlate closely with the analytically predicted behavior, including failure mode and bending stiffness. In particular, both laminate buckling and laminate crushing are observed during the experiment with laminate crushing being the final failure mode, which can be considered to be the most important failure mode of the fabricated T-joint. In addition, numerical simulations based on the finite element method and the Hashin damage criteria also accurately predict the flexural modulus, the peak load, and failure locations of the Tjoint obtained in the test.
Introduction
The increasing consumption of fossil fuel requires the development of highly efficient and lightweight vehicles. It is reported that by decreasing 1% of the overall vehicle weight, the fuel consumption can be reduced by 0.7%. 1 These factors drive carmakers to design and make lighter automobiles. Typically, the lightweight vehicle structure can be attempted from three aspects: structural optimization, architectural changes, and use of novel material or material substitution. 2 The potential of reducing automobile body weight via structural optimization can reach 7%. 3 Material substitution, on the other hand, can lead to a weight reduction of 30-50% by using all aluminum body or 50% by using natural fibers. 4 Recently, due to their many advantages, in particular high specific stiffness and strength, composite materials have been used in vehicle structures to further reduce vehicle weight and fuel consumption.
Generally speaking, glass fiber reinforced plastic (GFRP), as one typical composite material, has been widely employed in lightweight automobile structures, e.g. roofs, doors, body panels, frame segments, and seating systems, yielding a weight saving ranging from 40% to 60%, while maintaining or even enhancing the performance of vehicle structure in comparison to common metallic components. [5] [6] [7] [8] [9] [10] [11] 14, 21 Gliszczy nski et al. 10, 11 studied the thin-walled GFRP beams with Cshaped cross section in both numerical and experimental methods under bending conditions. Carbon fiber reinforced plastic (CFRP), although widely used in the aerospace sector, has gained an increasing popularity among novel materials in crashworthiness, vibration damping, fatigue resistance, and ultra-lightweight vehicles over the last decade. [12] [13] [14] [15] [16] Liu et al. 2 developed a multiscale approach for predicting three-dimensional elastic model of carbon twill weave fabric composite, which could be applied to crashworthiness analysis of vehicle body structure. Obradovic et al. 17 used CFRP tube to design specific lightweight impact attenuators for automobile assembly, for which a crashworthiness analysis was conducted. BMW used a CFRP passenger compartment fixed to aluminum chassis in its i3 electric car for a lightweight construction. 18 T-shaped junction, taken from the connection between the B-pillar and the longitudinal rocker of a body-in-white (BIW) shown in Figure 1 , plays an important role not only in weight reduction, but also in improving vehicle stiffness and strength during side impact and rollover accidents. Burns et al. 19 explored the influencing factors for radius bend region of a Tjoint made of CFRP in bending and tensile tests. They found that the interlaminar tensile and shear stresses have relationship with ply orientation, hygrothermal stability, and mid-plane symmetry. Burns et al. 20 used bio-inspired design strategy to minimize the interlaminar stress concentration in the T-joint radius bend and to increase tensile strength while maintaining similar global laminate stiffness properties by optimizing ply angles and embedding the stiffener flange into skin plies. Koricho and Burlingardi 21 studied the mechanical behavior of a simplified form of a lower T-joint for a car body B-pillar made with a carbon/epoxy composite material under a bending load. Their results show that manufacturing process and experimental setup affect the load-carrying capacity and failure mode of the T-joint. This paper presents an analytical, numerical, and experimental investigation into the deflection responses, failure mechanisms, and procedure of composite single hat-shaped T-joints under a quasi-static bending load. By analyzing the failure loads, a failure map for the composite T-joint is constructed. A test apparatus for applying bending load was designed and built for performing the experiments of the Tjoints, which were instrumented with 6 strain gages and 18 directions. Typical load-displacement curves were obtained and failure modes were observed and presented in detail. The experimental results were then compared with the predictions of the analytical model and the FE numerical simulation. Figure 1 shows a T-joint, which is a typical and key structural intersection between the B-pillar and the longitudinal rocker used in automobiles. When subject to a side impact, the T-joint could be subjected to an outof-plane loading. In this study, only a quasi-static loading is considered. Figure 2 depicts the finite element analysis (FEA) model of the chosen single hat-shaped T-joint section with the geometry and dimensions shown in detail. The T-joint section is clamped at both ends of the rocker segment and subjected to an out-of-plane load at the end of the pillar segment. It was adapted from Koricho and Belingardi 21 with minor changes. In this case, 120 mm of the fillet radius of the T-joint was chosen instead of 0 mm in order to increase the stiffness and failure strength, and decrease the stress concentration at the same time. The shell wall thickness was 2 mm with 8 plies. The tube cross section is squared with a dimension of 45 mm Â 100 mm at the inner part. To take into account the adopted manufacturing procedure described in a later section, an adhesive overlap area is required at the edges of the T-joint.
Experimental method

Material characterization
Plain woven carbon fiber T300 and epoxy 618 were the materials used for fabricating the T-joints. The measured averaged density of the CFRP was 1343 kg/m 3 . Tensile, compression, and shear tests were performed on the plain weave fabric laminate for the material characterization according to ASTM D3039, D3410, and D3518 standard test procedures, respectively, as shown in Figure 3 . Specimens were cut from the laminate, along the 0 (warp) direction for the tension and compression tests, and along the 45 direction for the shear test. Five specimens for each type of the tests were manufactured using the same processing technology and curing cycle. All the tests were performed on a servo-controlled testing machine, which was equipped with its standard load cell and photoelectric encoder displacement measuring device.
Tension and shear test specimens were characterized the material strain by using digital image correlation (DIC) measurement. The behaviors are measured by means of a high-speed and high-resolution WP UF-500 camera placed on the opposite side of the specimen as shown in Figure 4 during the quasi-static tests. On the other hand, the compression test specimens were measured strain by using a testing fixture designed for compression. A strain gage rosette (0 -90 ) of 120 X with 10 mm gage length was mounted at the center of the specimens. A National Instrument Ethernet based strain gage module was utilized to acquire data. To reduce the effect of thermal-induced strain, a halfbridge circuit was implemented even though the test time and speed were comparatively small in quasistatic tests. Typical tensile, compression, and shear stress-strain curves are shown in Figure 5 . The measured CFRP properties are listed in Table 1 .
In Table 1 , the Young's modulus (E 1 , E 2 ) in the plain woven lamina in the longitudinal (warp) direction are assumed to be equal to that in the transverse (weft) direction, and the transverse tensile strength and compressive strength are assumed to be equal to those measured in the longitudinal direction. These assumptions are based on the features of the plain woven CFRP used. 
T-joint preparation
After obtaining the properties of the used plain-woven CFRP, the first task was to manufacture an appropriate mold for preparing the desired T-joint profile with better surface finish and better control of joint dimensions, as shown in Figure 6 (a). The T-joint was fabricated by using a vacuum bag molding process, adding adhesive at overlap areas, placing into a metal mold, exerting pressure from the inside with vacuum pump, and curing at room temperature, as schematically shown in Figure 6 (a) to (e). Figure 6 (c) shows that the plain woven fabrics were laid smoothly by hand into the metal mold with resin to adhere. Then, to avoid voids and entrapped air inside the specimen, the mold was covered with a vacuum plastic bag and subjected to a vacuum pressure of 1 Â 10 5 Pa at room temperature as shown in Figure 6 (d). Wax was coated on the surface of the metal mold before the process in order to remove the finished specimens easily from the mold. A T-shaped plate with the same geometry was fabricated using the same processing technology and curing cycle as the shell part. Thereafter, the T-shape shell and plate were boned together using Sika Power, 4720 adhesive. Figure 6 (e) shows the final finished single hat-shaped T-joint section. In this study, the T-joint laminate was produced from eight plain woven fabrics, where the 0 direction was along the x-axis (see Figure 20) , and the nominal laminate thickness was 2 mm after curing.
Experimental setup and procedure
In order to use an available universal testing machine for the experiment, a particular test rig as shown in Figure 7 (a) was designed and manufactured for placing the T-joint section in the proper position with respect to the loading axis of the testing machine. This test rig was constructed with cold-rolled mild steel sleeve. It mainly consists of three components that are the transverse slider along pillar direction, fixed end supporters with adjustable fixture along the rocker direction, and the sleeves that help to avoid local buckling at the load application point. The main purpose of the two bolts was to support the whole test rig. The transverse slider serves to support the T-joint by the adjustable fixture and clamps the fixed ends by metallic plates fastened with bolted joints in order to apply uniform pressure around the circumference. The test rig with T-joint was mounted, as shown in Figure 7 (b).
Transverse bending experimental setup for the T-joint was assembled in the laboratory in order to verify the analytical model and simulation results, as shown in Figure 7 (b). The strain gage rosettes of model BX120-5CA were used in this experiment. Both the top and bottom surfaces of the T-joint were each fitted with six strain rosettes using the instant adhesive (LOCTIE 406) as shown in Figure 8 , which depicts the strain gage layout. Four strain gages were located on the top surface of the T-joint, which was under tension, and two were placed on the bottom surface of the T-joint, which was compression. The strain gages were connected to a DH3818-2 strain indicator and the main server, a PC, which has the DHDAS program, as shown in Figure 7 .
The quasi-static out-of-plane bending tests were performed at room temperature in a servo-controlled actuator of universal testing machine with a constant loading rate of 5 mm/min. Figure 7 (b) shows the loading points on the T-joint. Load and displacement data were recorded directly by using the automatic data acquisition system.
Analytical model
In this section, a failure mechanism map will be presented for the T-joint to graphically show the dominant failure mechanisms. Different failure mechanisms caused by structural parameters of T-joint, especially the thickness of the laminate and the side length of tube cross section, will be investigated.
Analytical prediction
As the longitudinal compressive strength is lower than the corresponding tensile one as given in Table 1 , one can expect a compression-related failure at the bottom surface of the T-joint. There are two possible competing failure modes, i.e. laminate crushing and global buckling of lower panel, as schematically shown in Figure 9 for the T-joint under bending. The presence of similar failure modes in CFRP T-joint in vehicle is documented in Koricho and Belingardi. 21 The laminates of composite T-joint remain elastic under the bending loading condition. [19] [20] [21] Hence, in the current analytical treatment, the laminates of composite Tjoint are considered to have a linear elastic behavior before it undergoes laminate crushing and bucking.
Laminate crushing. Consider the clamped T-joint subjected to a quasi-static load P at the top of B-pillar as shown in Figure 2 . Let L be the length between the top of the sectioned B-pillar and the rocker, B x the side length of the tube cross section, B y the height of tube cross section, t the shell thickness, b the width of adhesive, r the radius of cross section, and h the distance measured from centroid location to the reference axis (see Figure 20) .
The maximum moment (M max ) is considered to occur at the bottom surface of the T-joint under the bending loading condition; so does the maximum compressive stress (r c ). They can be given by
where I x is the second moment of the cross-sectional area of the B-pillar with respect to its neutral axis, xaxis (See Appendix 1 for details). L R is a variable of the length between the top of the B-pillar (0 mm) and the longitudinal rocker (300 mm). This failure mode is assumed to occur when the laminate crumbles or crushes due to high compressive bending stress. The compressive stress is nonlinear variation in the fillet radius region due to the fact that both the length L R and the moment of inertia I x vary at the same time. Figure 10 shows the L R /I x versus L R curve, which indicates that the laminate crushing mode occurs at the location with the highest compressive stress when L 0 R =210 mm. B R , the side length of the tube cross section, is also a variable in the radius region as L R changes. D is the difference between the new side length B R and the original side length B x , which can be written as
According to equation (2), the crushing load, P crc , can be estimated from the following equation, as shown in Figure 9 (a)
where r cc is the crushing stress of the composite laminate. Laminate buckling. Laminate buckling is considered to occur when the thickness of laminate is very thin, as shown in Figure 9 (b). The buckling load, P crb , can be defined by
According to Mazor and Rand, 22 r cb , the buckling critical stress of rectangular thin-walled composite beam can be given by
here the buckling coefficient k c = 6.97 for fully clamped edges, 23 t is the Poisson's ratio, and E 1 is the Young's modulus in fiber longitudinal direction of T-joint.
Failure mode map for T-joint
Preliminaries. The "Analytical prediction" section describes two failure mechanisms that can occur in a T-joint in bending, and the failure loads for each of these mechanisms need to be evaluated. In this section, a map is constructed for detailing where failure mechanism actually occurs for a given set of joint geometry and material. The failure loads depend on the properties of the T-joint, the non-dimensional thickness t/l of the laminate, the nondimensional side length B x /l of the tube cross section, the nondimensional height of the tube cross section B y /l, the nondimensional radius r/l of the cross section, the nondimensional width b/l of overlap, the nondimensional distance h/l measured from centroid location to the reference axis, and the nondimensional difference length D/l.
It can be noted from equations (4), (5), (20) , and (21) that the thickness (t) has an important effect on the failure regimes including buckling and crushing. With the increase in the thickness of rib, there is an increase in the failure load for buckling and crushing. The width (B x ) of the rib also has an important role in determining the failure behavior of laminate. In this paper, other geometrical parameters such as the radius (r) of the cross section and width (b) of the overlap are kept constant, because they have less contribution to failure than the two parameters mentioned above. The distance h, the height B y , and difference D are also assumed to be constant.
From geometry, the nondimensional loading intensity for bending is V 2 /E 1 M, with M ¼ PL/(B R þ2b) the maximum moment, and V ¼ P/2(B R þ2b) the maximum shear force. The ratio l ¼ M/V =2L identifies the relevant length scale.
Generalized bending. Two failure mechanisms are considered: laminate crushing (LC) and buckling (LB), which can be re-written in the nondimensional form used to construct mechanism maps, become
The details for these equations are presented in Appendix 2.
These results allow the construction of preliminary failure map as shown in Figure 11 , which is given by the projection of the intersections between failure surfaces on the t/l -B x /l plane when L R ¼ L ¼ 300 mm. At the map boundaries, the failure loads for the mechanisms either side of the boundary are equal. The failure mode map shown in Figure 11 is useful where a designer has specified size and thickness, for example, to select an appropriate side length of tube cross section or thickness. More commonly, however, the side length is fixed, and the thickness can be relatively easily changed. In this case, it is more useful to plot a map of the failure modes and loads as a function of side length and thickness to width-to-thickness ratio.
Finite element modeling
An FEA was carried out to predict the mechanical behavior of the composite T-joint using ABAQUS, and also used to validate the analytical model in a previous section. In this study, the T-joints as shown in Figure 2 were modeled as a thin-walled shell structure of 2 mm in thickness using the S4R shell elements. The S4R is a 4-node quadrilateral stress-displacement shell element with reduced integration and a large-strain formulation, and six degrees of freedom at each node. The boundary and loading conditions were introduced based on the test set-up in Figures 2 and 7 . The free end of the B-pillar was subjected to a vertical load and the two ends of the longitudinal rocker were restricted on all six degrees of freedom, namely, the displacements in and rotations about X, Y, Z directions were set to zero. The material properties in Table 1 . Corresponding to these failure modes, the following four equations apply respectively Figure 11 . Failure mode map for T-joint under the applied bending load.
where r 11 , r 22 , and s 12 are the applied stress; S t1 and S c1 are the longitudinal tensile and compressive strengths respectively; S t2 and S c2 are the transverse tensile and compressive strengths respectively; S s23 and S s12 are the shear strengths in the principal material directions, and in particular the second one is in the plane transverse to the fibers; and a is a coefficient that accounts for the shear stress s 12 contribution to fiber breakage in the tension criterion. In this study, the default value (a ¼ 0.0) provided in the ABAQUS was adopted. 26 In ABAQUS, the Hashin's criteria in equation (7) can be implemented with a damage evolution law using four different fracture energy parameters (G f ), each of corresponds to the material degradation of relevant mode. The fracture energy parameter could be defined as the area under the stress-strain curve obtained from the characterization tests of the relevant modes. According to Nunes et al., 27 the values of fracture energy of fiber and matrix tension were set higher than that of fiber and matrix compression in the numerical model, and the values of fiber tension and compression were assumed equal to those of the matrix because of the bidirectional CFRP. Based on the literature [27] [28] [29] [30] and authors' trial and error, it was indicated that large values of fracture energy could result in convergence difficulty in the simulation. According to the experimental curves of T-joint, a set of damage indices were adopted to characterize the evolution of the CFRP laminate damage, as given in Table 2 . Additionally, it should be noted that a material viscosity coefficient (f) was included in the damage evolution law to overcome convergence difficulty encountered in the softening analysis. 30 In this work, the value of 0.001 was used for materials' viscosity coefficients.
Results and discussion
Experimental results
Load-displacement curve. Two T-joints, namely specimen test-1 and test-2, were fabricated with the thickness of 2.1 mm and 1.9 mm, and mass of 1094 g and 1045 g, respectively. Figure 12 shows the load-displacement curves of the two T-joints under a bending load with a loading rate of 5 mm/min. The maximum loads for specimen test-1 and test-2 are 3132 N and 3668 N, respectively. There are several sharp load drops (C, D, and E in Figure 12 ) for test-2 specimen. This is slightly different from that of test-1, which shows a relatively smooth load decline. These effects are due to the resin content in the specimen that cannot be controlled accurately during the fabrication as illustrated in Figure 6 . Therefore, the strength and failure mode were mainly influenced by the resin's mechanical properties and manufacturing process.
Despite some difference, the two curves show a fairly similar trend and two distinct regions, namely the elastic bending region and laminate collapse region, are clearly visible. Taking test-2 as an example, in the elastic bending region, the bending load increases (see A in Figure 12 and Figure 13 (a)) until it reaches the first peak (see B in Figure 12 ), in which the average slope of such an increase at the beginning stage is a measure of the T-joint stiffness. Following the first peak, localized microfracture and buckling are observed at the center of the bottom wall with the deflection expanded; then the fracture spreads quickly in a direction perpendicular to the central section at the bottom wall, yielding multiple load drops, D, E, and F in Figure 12 , in the load-displacement curve.
Bending failure mode. Figure 13 depicts different failure characteristics in three distinct regions. The bottom wall is predominantly subjected to compression, whilst the corners of the top wall at the fillets are in combined torsion and tension, and the overlap areas are under combined torsion and compression. Taking test-2 specimen as an example, in the elastic bending region, there are several tiny crisp splitting sound and rupture, which is invisible on the surface, until the load-displacement curve reaches B in Figure 12 with a small load drop; and then further load increase becomes unstably till the second peak C in Figure 12 , which is possibly due to the difference of the resin content in the manufacturing process. After that, the rupture initiates at the edge between bottom surface and overlap areas (see Figure 13(b) ), which can be characterized by the severe local fragmentation of fiber and matrix. Following the progressive compression failure as the hinge forms and extends, the crushing region starts expanding and combining localized rupture and buckling in the central area at the bottom wall accompanied by a crisp splitting sound, and yielding a severe load drop (see D in Figures 12  and 13(c) ).
When localized concave and buckling become apparent under the bending load, there is another sudden collapse (see E in Figure 12 ). On the other hand, a crack appears on the overlap area of the radius region and propagates along the radius towards the fixed end, and then leading to a dramatic decrease in the bending load (see F in Figures 12 and 13(d) ). The crush extends across the central area of the bottom wall and an edge crack appears at the corner of the fillet radius (see Figure 13) . The failure results in a significant compressive strain perpendicular to fibers, causing matrix cracking, matrix/fiber deboning, delimitation, and fiber breakage leading to transverse rupture. [31] [32] [33] After this phase, the bottom wall, the corner of the fillet radius region and overlap areas of fillet radius have not been completely ruptured yet because of its high toughness due to manufacturing process. 
where the Young's and shear moduli in fiber longitudinal direction of T-joint are E 1 and G 12 , respectively. A is the cross-sectional area of the T-joint, and k is the shear factor. Because the laminate is thin, the shear deformation can be ignored
The torque-induced deformation of the rocker can be expressed as d 2 ¼ W r ÂL, where W r is the torsion angle of the rocker. For thin-walled structure, the angle can be determined as (see Figure 9 )
where L 1 , L 2 , L 3 are shown in Figure 14 ; the radius region is subjected to torsion, thence it is assumed that L 2 ¼ R/2; the distance between the fixed area and B-pillar can be implied by L R /2ÀL 2 ÀL 3 ; L r is the length of the rocker;
, is the distance from the perimeter element to the origin of the cross section;
2 is the mean area enclosed within the boundary of the single hat-shaped tube wall centerline (see Figure 20) . Then the deflection response of the Bpillar is defined as
Comparison with the analytical model and FEM results
The comparison between the analytical, FEA and experimental results is shown in Figure 15 and Table 3 . For example, the measured initial stiffness of test-2 is 111.2 N/mm, which correlates well with the analytical estimate of 107.5 N/mm with an error of 3.3%. There is a good correlation between the FEA predicted stiffness of T-joint and the measured one with an error of 9.6%. The FEA prediction shows a substantially linear range with applied load up to 2.5 kN. However, the experimental results show nonlinear behavior after approximately 2 kN in test-2 and 0.8 kN in test-1. Besides, the location of specimen is shown on the failure mode map in Figure 11 by a star marker, which shows a satisfactory correlation with the failure mode in the test. This location clearly predicts that the specimen fails in the LB zone. However, note that since LB may not lead to a complete global failure of the joint, it could essentially coexist with laminate crushing during the failure process. This is in accordance with the experimental observation described earlier, which showed a final collapse mechanism of the T-joint to be crushing. In other words, extensive laminate buckling first occurred, and then lead to creation of localized sunk areas on bottom wall and then after laminate crushing. In contrast to the excellent correlation in failure mode and stiffness prediction, there exist differences in measured and predicted failure loads as shown in Table 3 , and also amongst the nonlinear ranges of the load-displacement curves. There are several possible reasons for this disagreement: (1) the materials and geometry of the model may be oversimplified, (2) the resin content of T-joint cannot be controlled accurately during fabrication, (3) there are other defects, which were created during the specimen fabrication, (4) anisotropy composites has complex failure mode compared with the analytical model, which is based on simple beam, (5) the laminates of composite T-joint are assumed to have a linear elastic behavior when it undergoes laminate failure in the current analytical treatment, but the experiment appears to be nonlinear in elastic bending region, (6) r cc used in the estimated equation of the crushing load (equation (4a)) is the fracture stress, which was obtained in the compression tests of material characterization, however the completely fracture compressive stress cannot be representative of the crushing strength. Figure 16 depicts two failure modes experimentally observed on the bottom and top surfaces of the T-joint and FEA predicted using Hashin's compressive fiber and tension fiber criteria in equations (7b) and (7a). In the FEA results (diagrams on the right column of Figure 16 ), the failure index is represented by different colors varying from blue-low value to red-high value; and the loci of the predicted damages match well with those observed in the test as indicated by red circles. As shown in Figure 16 (a), the damages, which are detectable on the top surface based on Hashin's compression fiber criterion (left), are similar to the experimental observations (right). In Figure 16 (b), the damage ruptures appeared at the corner are also well predicted by the FEA simulation. Hence, there exists a good agreement between the experimental observations and finite element method (FEM) predictions. Figure 17 depicts the strain-displacement curves for all strain gages placed on test-2 specimen as shown in Figure 8 . From the variations of these strain readings, the longitudinal strain values on the top surface in Figure 17 (a) of the T-joint are negative, indicating a compressive state, and the transverse and 45 direction strain values are positive indicating a tension state except for the 10-and 11-direction of gage-4, which show extremely large negative values in the state of compression due to its location featured with being supported in torsion condition and resin-rich interfaces between the laminate plies, which afford high toughness. On the bottom surface of the T-joint, gage-5 readings are negative, indicating compressive condition near the failure area, as shown in Figure 17 (b); however, gage-6 has positive readings in the longitudinal and 45 directions, which indicate a tension state suggesting the buckling.
Measured strain analysis
As the load was increased, as shown in Figure 17 , the gages on the bottom surface changed slightly around displacement of 97 mm indicating some degree of laminate crushing. With the increase in load, another fluctuation was observed until about the displacement of about 103 mm indicating the phenomenon of local buckling. However, some strain gages showed some deviations from linearity possibly due to the buckling effect. Then, after the displacement reached 104 mm, this monotonic strain-displacement behavior gave way to sudden simultaneous change in both top and bottom surfaces of the T-joint, especially 13-direction of gage-5 (see Figure 8 ) has a dramatic change indicating crushing propagation of the bottom surface, after which all the strain gages stopped recording. The strains measured for gages 1 and 3 are compared. As expected, taking into account their positions on the top surface of the structure, strains are with very similar values except for the 45 direction due to its opposite direction. The vertically aligned dashed lines indicate different stages of failure occurred in the specimen. Evidently readings of some strain gages, during the actual crushing event occurred at around 108 mm displacement, could not be collected due to severe damage to the strain gages.
In particular, the two gages, G1 and G2, which were located at the central and radius of fillet on the top surface, have been considered to illustrate the comparison between the numerical and experimental results. Figure 18 compares the strain-displacement curves between numerical, test-1 and test-2 results at 1-direction of gage-1. It can be seen that all of the results are growing linearly with displacement and the FEM result fits well with the experimental results. In a similar way, Figure 19 depicts the comparison of strain-displacement curves at 6-direction of gage-2, found from the experimental tests and prediction result. It can be seen that nonlinear behavior appears in the strain-displacement diagram, because shear deformation happened in plain woven carbon fiber when subjected to the bending load. However, the simulation result is in accordance with the experimental evidence in all.
Conclusions
The single hat-shaped T-joint, sectioned from the intersection between the B-pillar and the longitudinal rocker and fabricated using plain woven carbon fiber polymer (T300/epoxy 618), has been studied via analytical modeling, experiments and numerical simulations. In the analytical part of the study, two different modes were considered and a failure mode map was developed to forecast the damage type. Theoretical models were used to estimate the collapse strength associated with each failure mode. During the transverse bending test, progressive failure mode is characterized from the initial crack at the edge between the bottom wall and overlap areas. It is observed that the cracks propagated quickly in a way across the central area of the bottom wall, and consequently caused rupture at the bottom wall as well as the edge crack at the radius region. Both laminate buckling and laminate crushing have been found during the experiment, and the crush propagation occurs after extensive buckling after localized fracture.
The experimentally observed collapse model shows excellent agreement with the analytical predictions. The analytical model predicts well the experimentally found stiffness at the beginning region. Besides the local state of deformation, failure modes were also investigated in details based on the state of strain gages.
On the other hand, commercially available software is chosen to model the structural behavior. The results including the failure modes and failure locations fit well with the experiment evidence. Otherwise, the FEM illustrates the effectiveness to predict the stress distribution of T-joint, as well as the flexural modulus and load carrying capacity. The discrepancies are 9.6% and 3.2%, respectively.
In general it can be concluded that effective tools can be established to investigate the performance of vehicle joints ranging from analytical model to FEM, which can reduce both costing and time consumed.
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The sectional properties of the T-joint cross section
For the single hat-shaped T-joint cross section as shown in Figure 20 , the centroid in the horizontal direction can be determined using the condition of symmetry, whereas the centroid in the vertical direction must be computed by h ¼ R A ydA R A dA (12) where ydA is termed the first moment of area dA about the x-axis, the denominator is the expression of the total area A of the cross section, and h denotes the distance measured from the reference axis given by h ¼ S A
where
and
where B x is the width of tube cross section, B y is the height of tube cross section, t is the shell thickness, b is the width of adhesive, and r is the radius of cross section (see Figure 20) . The second moment of the cross section, with respect to its neutral axis, x-axis in Figure 20 , can be derived as 
where B R is the new side length of the tube cross section due to the variation of the radius in the fillet region and given by
where D is the difference between the new side length B R and the original side length B x , which can be defined as
where R is the radius of the fillet region, L is the length between the top of sectioned B-pillar to the rocker, L R is a variable of the length of the B-pillar at radius region, which L R 2 ½180; 300.
